A systematic investigation was conducted on the structures of tetra-and di-nuclear copper(II) complexes with three stereoisomers of sulfinylcalix [4]arenes (H 4 L), the isomerism of which is determined by the disposition of the sulfinyl oxygen with respect to a reference oxygen from the mean plane containing four sulfur atoms. 
, suggesting the significance of auxiliary ligand for bridging copper(II) centers to assemble the core, that is, the acetato ligands in complexes 1-3 are needed to form the core structure. Metal-metal interactions were investigated by means of magnetic susceptibility, and it was found that both ferro-and antiferromagnetic interactions occur in tetracopper(II) complex 3. In contrast, antiferromagnetic interaction is present in dicopper(II) complex 4.
Over the past several decades, calix [n] arene has served as a versatile platform for constructing ligands for separation and sensing of metal ions because it is easily chemically modified at the phenol moiety, on which a wide variety of pendent ligating groups have been covalently attached. 1 Having sulfide in place of methylene at the bridging moiety (Scheme 1), thiacalix [4] arene has brought about a new era in calixarene chemistry, freeing ligand design from the introduction of metalbinding groups.
2 Soon after we had found a one-step protocol to synthesize thiacalix [4] arene, 3 we became aware of the fact that thiacalix [4] arene, per se, can extract metal ions, which are classified as soft to intermediate under ''hard and soft acids and bases'' theory, 4 in a fac-tridentate fashion with its sulfide S and the two adjacent phonoxo O À s. 5 Furthermore, the extraction selectivity can be controlled by the oxidation state of the bridging sulfur; sulfonylcalix [4] arene having four sulfone moieties extracts hard metal ions, whereas sulfinylcalix[4]arene with four sulfoxide moieties extracts metal ions irrespective of the hardness and softness. 6 , respectively (Scheme 2). As can be seen, one distinctive feature of sulfinylcalix[4]arene among sulfur-bridged calixarenes is its ability to undergo stereoisomerization arising from the disposition of the S=O group from the mean plane of the four sulfur bridges to give four configurational isomers: rtct, rccc, rctt, and rcct (Scheme 2). 21 Because of the configurational isomerism of H 4 L, the question of how does the S=O direction of the sulfinyl ligand affect the structure of complex arises. To determine systematically the effect of the S=O configuration, we determined the structures of multi-nuclear copper(II) complexes of sulfinylcalix[4]arene having rtct, rccc, and rctt configurations and report them here.
Results and Discussion
Synthesis. Since p-tert-butyl-(H 4 L rtct ) and p-tert-octylsulfinylcalix[4]arenes with rtct configuration are readily available by direct oxidation of the corresponding thiacalix[4]arene, the properties and solvent extraction behavior have been the most intensively studied among the isomers. 6,21,22 As mentioned above, H 4 L rtct is able to switch the coordinating atom between S and O depending on the softness or hardness of the coordinated metal ion. 6 Because of this ability, we used copper(II) ion for preparing complexes, expecting that it would help determine the essential factor that controls which atom (O or S) of the sulfinyl moiety coordinates to metal ion. Reaction of H 4 L, having rtct, rccc, and rctt configurations, and copper(II) acetate monohydrate in a 1:4 ratio in CHCl 3 /EtOH, followed by crystallization from the appropriate solvent systems (see experimental), gave single crystals of [ rtct adopts a 1,3-alternate conformation having apparent S 4 symmetry due to four sets of hydrogen bonding, S=OÁÁÁHO, causing the phenol OH groups to align in alternating directions with respect to the mean plane containing the four sulfur bridges (S 4 ). 22 Upon reacting with copper(II), the ligand adopted a cone conformation to support tetracopper(II) core on one side above S 4 plane with the aid of three acetates, -MeO À , and MeOH ligands (Fig. 1) . On the other side of S 4 plane, one CHCl 3 molecule was included in the cone-shaped cavity of L rtct4À , while the other two molecules were in the crystal lattice (not shown in Fig. 1a ). Measures describing ligand conformations, such as inter-planer angles between opposite phenyl rings and inclination angles of a phenyl ring from Herein, we use the term cis (c) or trans (t) to denote the disposition of sulfoxide oxygen with respect to reference oxygen from the mean plane containing four sulfur atoms. The isomer notation proceeds around the system from reference oxygen, which should be chosen to maximize the number of cis arrangements, and cis is preferable to trans.
S 4 plane, are tabulated in Table 1 . Using un-coordinated thiacalix[4]arene (H 4 tca), which adopts an ideal cone conformation with exact C 4v symmetry 23 as a reference, the angles of L rtct4À in complex 1 shows only a slight deviation, and thus, the conformation can be regarded as cone. Figure 1b shows top view of coordination environment of tetracopper(II) core. As can be seen, L rtct4À acts as a tetrakis fac-tridentate ligand through four phenoxo (O1, O3, O5, and O7), two sulfinyl oxygens (O2 and O6), and two sulfinyl sulfurs (S2 and S4). Each phenoxo oxygen bridges adjacent copper(II) pairs to form square arrangement of four Cu II ions.
Furthermore, Cu1 and Cu4 are connected by -methoxo O15.
The coordination environments, which includes ligation atoms, bond distances from copper(II), and angles subtended at copper(II) centers, are listed in Table 1S . As can be seen, Cu1, Cu2, and Cu3 have a square-pyramidal geometry, whereas Cu4 have an octahedral geometry. As mentioned above, selection of coordinating atom at the bridging group is peculiar to sulfinylcalix[4]arene among sulfur-bridged calix[4]arenes. Complex 1 shows that the sulfur atoms (S2 and S4) of the sulfinyl groups that are equatorial with respect to an axis passing through the center of L rtct4À coordinate to the copper(II) ion and oxygen atoms (O2 and O6) of the sulfinyl groups that are axial coordinate to copper(II). It is reasonable to think that this coordination manner is brought about to facilitate O,X,O facial coordination with a suitable Cu-X bond length, where X represents the donor atom from the bridging group. In summary, copper(II) center seemingly requires O,X,O coordination from L rtct4À to cause the two adjacent phenols to align in a syn rather than an anti fashion, resulting in cone conformation of L rtct4À , which can accommodate four copper(II) centers on one side of S 4 plane. Since the S=O configuration with respect to the S 4 plane is not dependent on the calix[4]-arene conformation, determined by the rotation of phenyl rings along the axis connecting bridging sulfur atoms, selection of X between S and O is solely determined by the ability of L rtct4À to provide the Cu II ion an O,X,O fac coordination environment, not the preference of Cu II ion to the donor atoms. In fact, not only the soft sulfur atom but also hard oxygen donor atom of from sulfinyl groups have been shown to coordinate to a soft Pd 20 which supports that the selection between S and O is not governed by the metal-donor affinity but by stereochemistry.
[Cu
Having all S=O groups directed cis with respect to a reference S=O group, H 4 L rccc can arranged into two cone-shaped isomers with C 4v symmetry by ring inversion (Scheme 4). On the basis of spectroscopic evidence, the structure of H 4 L rccc in solution has been tentatively assigned to the one depicted in Scheme 4a, because of hydrogen bonding between OH groups and sulfinyl oxygens. 21b In tetracopper(II) complex 2 (Fig. 2) , L rccc4À adopts a cone conformation to provide four O,O,O fac-tridentate coordination environments to the Cu Judging from the angles between phenyl rings and S 4 plane (Table 1) , the conformation is not an ideal cone but intermediate between cone and pinched cone, the latter of which is defined by an acute inter-planar angle between a pair of distal phenyl rings. The complex does not have C 4 symmetry because of the conformation of L rccc4À as well as the additional ligands (three acetates and -OH À ) attached to the upper side of the Cu II 4 core; however, it apparently has a pseudo-mirror plane containing O15, O8, and O6 atoms to divide the complex into two sides (Fig. 2b) .
As can be seen in Fig. 2b (and also from . This suggests that oxygen on a sulfinyl group has higher coordination ability than the sulfinyl S does, which can be attributed to a resonance effect 24 between the phenol O À and the sulfinyl group at the ortho position that delocalize the anionic charge on the sulfinyl oxygen.
rccc by its two adjoining S=O groups that are equatorial, while the two remaining S=O groups are axial (Scheme 2). From discussion above, L rccc4À can in principle facilitate both O,O,O and O,S,O coordination fashion, which in fact can be seen in tetracopper(II) complex 3 (Fig. 3, Table 3S ). However, complex 3 has many features common to complex 2. First, L rctt4À acts as a tetrakis fac-tridentate ligand for Cu Table 1 ) including one solvent molecule (disordered as a superimposition of 0.5CH 2 Cl 2 and 0.5AcOEt molecules shown as gray spheres in Fig. 3a) . Fourth, it has a pseudo-mirror plane containing O1, O5, and O9. Fifth, all of the copper(II) ions have a square-pyramidal coordination geometry. Therefore, it is reasonable to think that, because of the similarity between 2 and 3, the selection between S and O of the sulfinyl group for coordination is predominantly determined by the bond length between X and a Cu II ion to afford O,X,O fac-coordination. Interactions between copper(II) ions in complex 3 were investigated by measuring the dc-magnetic susceptibilities in the range of 2-300 K. The M T versus T plot showed a continuous decrease in M T as the temperature decreased (Fig. 4) . Since each copper(II) ion has a square-pyramidal coordination environment, each magnetic orbital, i.e., d x 2 Ày 2 , lies in the basal plane. Accordingly, the temperature dependence was analyzed on the basis of the Hamiltonian:
where J 1 denotes the interaction between Cu1 and Cu2 and J 2 is for Cu3 and Cu4. 26 The best-fit parameters were obtained by summing the weak antiferro-and ferromagnetic interactions with J values of À43ð1Þ and 17(2) cm À1 , respectively (Fig. 4) .
In general, a dicopper(II) core having a -phenoxo/-hy- deviates from ideal cone to pinched cone. Each copper core is in a typical distorted octahedral coordination geometry with an elongated axis (Fig. 5b and Table 4S ). For example, Cu1 has four basal oxygens from two phenoxo O1, O9 and two sulfinyl O8, O16 and two axial oxygens from two phenoxo O7, O15. Bond distances and angles describing the coordination environment for copper(II) center (Table 4S) show that Cu1 and Cu2 are in an almost identical environments.
Magnetic susceptibility for complex 4 was too small to be measured, suggesting that antiferromagnetic coupling operates between copper(II) centers. This can be rationalized by the large Cu-O-Cu angles (99.83 and 100. 23 ) involving bridging phenoxo O1 and O9, respectively. The 1 H NMR spectrum of 4 was aquired in CDCl 3 and showed a noisy baseline and high values for the ArH signal (Fig. 1S) , suggesting that complex is slightly paramagnetic and/or that part of complex 4 dissociates in the CDCl 3 solution to give a paramagnetic copper(II) species. The tert-butyl moiety showed three singlet peaks with a 1:2:1 intensity, meaning that complex 4 has genuine C 2h symmetry in solution.
Conclusion
In conclusion, sulfinylcalix[4]arenes with rtct, rccc, and rctt configurations reacted with Cu II (OAc) 2 to form tetracopper(II) cluster complexes with tetrakis O,X,O-fac-tridentate coordination, which was realized by adopting cone-type conformation to assemble all phenoxo O À to one side of calix[4]arene ring. The selection of ligating atom X between O and S of the sulfinyl moiety simply depends on the stereochemistry; if sulfinyl group is in axial direction, then O coordinates. If equatorial, S does. The formation of dicopper(II) complex by reacting H 4 L rctt with [Cu II (acac) 2 ] suggests that the ability of the auxiliary ligand to bridge copper(II) ions plays a significant role in assembling the cores. In other words, the clustering ability of H 4 L rctt can be controlled by choosing metal ion source. In addition to studying the effect of auxiliary ligand, controlling the complex structure of the stereoisomers of sulfinylcalix[4]-arene by using a metal ion having extremely hard or soft character to select O or S at the sulfinyl moiety is one of next challenges.
Experimental
Chemicals were purchased as reagent grade and used without further purification. Solvents were distilled before use. Each configurational isomer of sulfinylcalix[4]arene was prepared as reported previously.
21 1 H NMR spectra were measured with a Bruker DPX-400 spectrometer. Variable-temperature magnetic susceptibility measurements were made using a SQUID magnetometer MPMS 5S (Quantum Design) at 1 T. Diamagnetic correction for each sample was determined from Pascal's constants.
Synthesis of Copper(II) Complex with H
rcct (50.0 mg, 6:37 Â 10 À5 mol) in CHCl 3 (10 mL) and Cu(OAc) 2Á H 2 O (52.0 mg, 2:55 Â 10 À4 mol) in EtOH (10 mL) was heated at reflux for 6 h and evaporated to dryness, and the residue was washed with EtOH. After dissolving the solid residue in a small amount of CHCl 3 , the undissolved residue was filtered off. Small pale-yellow crystals were obtained by vapor diffusion of hexane into the solution; X-ray analysis was not successful. Mp > 350 C (decomp. À4 mol) in EtOH (10 mL) was heated at reflux for 6 h and then evaporated to dryness, and the residue was washed with EtOH. After dissolving the solid residue in CHCl 3 , the undissolved residue was filtered off. The CHCl 3 solution was concen- À4 mol) in MeOH (10 mL) was heated at reflux for 6 h and then evaporated to dryness, and the residue was washed with MeOH. After dissolving into CHCl 3 (10 mL), the undissolved impurities were filtered off. Evaporation of the filtrate to dryness afforded a green powder of the complex. Single crystals were obtained by slow diffusion of MeCN into a 1,2-dichloroethane solution of the complex (24.9 mg, 29% yield X-ray Crystallography. Data for all of the compounds were collected on a Bruker SMART CCD diffractomer employing graphite monochromated Mo K radiation ( ¼ 0:71073 Å ). The data integration and reduction were undertaken with SAINT and XPREP. 29 The structures were solved by the direct method using SHELXS-97 30 and refined using least-squares methods on F 2 with SHELXL-97. 31 Non-hydrogen atoms were modeled with anisotropic displacement parameters, and hydrogen atoms were placed by the differential Fourier syntheses and refined isotropically ( This work was supported by a Grant-in Aid for Scientific Research from the Ministry of Education, Culture, Sports, Science and Technology, Japan.
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